Cancer stem cells (CSCs) are indicated to play critical roles in drug resistance, recurrence, and metastasis of cancer. Although molecular targeted therapies have contributed to the improvement of cancer treatments by targeting vulnerable pathways indispensable to the proliferation and survival of cancer cells, no relevant therapeutic modalities targeting CSCs have been developed yet. This review focuses on MELK (maternal embryonic leucine zipper kinase), TOPK (T-lymphokine-activated killer cell-originated protein kinase), and TTK (tyrosine threonine kinase), which are over-expressed frequently in human cancers and play indispensable roles in the development and maintenance of cancer stem cells. In addition, we will discuss recently developed small molecules for these protein targets, which have shown remarkable anti-tumor efficacies in several preclinical studies.
Introduction
Cancer stem cells (CSCs) can be defined as a small subpopulation of tumor cells having self-renewal capability and multilineage differentiation potential. CSCs are also called tumor initiating cells because of their potential to initiate and sustain tumor progression, and play critical roles in cancer metastasis and relapse. 1 CSCs are often resistant to chemo/radiotherapies as well as currently-developed moleculartargeted therapies because they have unique properties in a slow cell cycle, the ability to detoxify or increase the efflux of cytotoxic agents, and a rapid response to DNA damage. 2 As a result, CSCs have been enriched in the minimal residual disease of several malignancies after the initial response to the conventional cancer treatments. 3 Therefore, new treatment strategies targeting CSCs will be required to achieve complete eradication of tumors and to reduce the risk of tumor relapse. 4 For the development of anti-CSC drugs, certain molecules that are only present or specifically overexpressed in CSCs and functionally involved in the replication and/or He is now a Research Associate/ Assistant Professor at the Department of Medicine, The University of Chicago, and his major research interests are identification/characterization of molecular targets and development of novel therapeutics for cancer treatment.
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survival of CSCs can be ideal targets. 5, 6 In this review, we will discuss promising molecular targets in CSCs and recently developed small molecular compounds that have shown remarkable anti-tumor efficacies in preclinical studies.
Promising molecular targets in CSCs
We defined ideal targets for the development of novel anticancer drugs by the following criteria: (i) molecules are frequently and highly up-regulated in cancer cells, (ii) they are not or barely expressed in normal organs, particularly in the vital organs such as heart, lung, liver, and kidney, and (iii) they must play indispensable roles in the proliferation and/or survival of cancer cells. Based on these criteria, our laboratory has identified 84 novel molecular targets matched to the above criteria through microarray expression profiles of more than 1300 clinical specimens, multiple tissue northern blot analysis, and knockdown experiments to confirm the significant roles of each gene in cancer cell growth. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Considering their critical roles in cancer cell proliferation/survival and restrictive expression pattern in normal tissues except testis, fetal organs and placenta, it is not surprising that 14 of our molecular candidates (Table 1 ) are highly ranked in the "consensus stemness ranking (CSR) signature" genes which were derived in silico from expression data sets of mouse and human embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and CD44 + CD24 −/low CSC-like breast cancer cells. 21 The CSR signature genes are up-regulated in cancer stem cell-enriched samples at advanced tumor stages and associated with poor prognosis in multiple cancer types, and thus regarded to play key roles in cancer stemness. 21 Among them, since three molecules, MELK, TOPK, and TTK, are considered to have kinase activity, we decided to screen small molecular compounds that may effectively suppress the growth of cancer stem cells. From here on, we will focus on these kinase targets for CSCs and their small molecular compound inhibitors that we developed. phosphorylated Bcl-GL in vitro. 12 Bcl-GL is a pro-apoptotic member of the Bcl-2 family, and it was suggested that MELKmediated phosphorylation could suppress the pro-apoptotic function of Bcl-GL. Indeed, overexpression of wild-type MELK suppressed Bcl-GL-induced cell apoptosis, while that of inactive MELK mutant (D150A) did not. 12 Similarly, knockdown of MELK significantly induced apoptosis in AML, SCLC, and kidney cancer cells, [24] [25] [26] indicating that the kinase activity of MELK is indispensable for the survival of cancer cells. In addition, we and others have reported that MELK plays important roles in CSCs with evidence that exogenous induction of MELK increased expression of a well-known stem cell marker Oct3/4. 22 MELK was up-regulated in the tumor initiating cells isolated from a genetically engineered mouse model of breast cancer, and its function was required for mammary tumorigenesis in vivo.
MELK inhibitor
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High-throughput screening of a library consisting of over 100 000 small molecular compounds and subsequent intensive structure-activity relationship (SAR) studies developed a potent MELK inhibitor, OTS167 (Fig. 1A ), which has a high potential to inhibit MELK enzyme activity with a very low half maximal inhibitory concentration (IC 50 = 0.41 nM). 22 Treatment with OTS167 effectively suppressed growth of multiple types of MELK-positive human cancer cell lines with very low IC 50 values ranging from 0.8 nM to 69.8 nM (Table 2 ). In mouse xenograft models of human cancers, such as breast cancer (MDA-MB-231), lung cancer (A549), pancreatic cancer (MIAPaCa-2), and prostate cancer (DU-145), intravenous injection of OTS167 showed significant tumor growth inhibitory (TGI) effects without any detectable toxicities at effective doses. 22 No growth suppressive effect was observed on the MELK-negative bladder cancer xenograft model, indicating the MELK-dependent growth-suppressive effect of OTS167. Moreover, the high bioavailability of OTS167 allowed oral administration of this compound, which showed significant TGI effects in the mouse xenograft models of human cancers. 22 The in vivo effects of OTS167 in mouse models are summarized in Table 2 . Gastric cancer is another target disease for OTS67 because up-regulation of MELK is significantly associated with poor prognosis of gastric cancer patients. 28 A recent preclinical study in gastric cancer patientderived xenograft (PDX) mouse models showed significant suppression of tumor growth along with drastic elimination of MELK-positive gastric cancer cells. 28 At present, the safety and tolerability of OTS167 are examined by two phase I clinical trials of solid tumors (Clinical Trial No. NCT01910545) and hematologic malignancies (Clinical Trial No. NCT02795520).
In vitro tumor sphere formation assay by selecting and culturing CSC population is a simple and useful method to determine the anti-proliferative effects of small molecular compounds in the CSCs. A previous report showed that shRNAmediated knockdown of MELK abrogated mammosphere formation in mouse primary mammary tumor cells. 27 In concordance with this finding, our cell-based assays showed that OTS167 could suppress mammosphere formation in breast cancer cells as well as lung sphere formation in SCLC cells, 22, 25 indicating that OTS167 preferentially suppresses the growth of CSCs. Using a potent CSC marker (CD133) and a neuronal differentiation marker (CD56), our results further showed that OTS167 suppressed growth of SCLC CSCs and also facilitated differentiation of SCLC CSCs to neuron-like cells. 25 Moreover, treatment with OTS167 also induced differentiation of patient-derived primary AML blasts as assessed by CD11b staining. 24 Collectively, these results suggest that OTS167 has preferential growth suppressive effects on CSCs and might be applied as a differentiation therapy, which aims to resume the process of cell differentiation from the progenitor cell phenotype. 26 and ovarian cancer cells. 30 TOPK is highly activated during cell mitosis by autophosphorylation and suppression of its function abrogated the cytokinesis of cancer cells, leading to formation of intercellular bridges between two dividing cells followed by apoptosis. 31 As one of the possible substrates of TOPK, the p47/p97 protein complex was identified by a pull-down assay with GST (glutathione S-transferase)-tagged TOPK. A subsequent in vitro kinase assay revealed that p97 could be directly phosphorylated by recombinant TOPK protein. 31 The p97 protein is an ATPase enzyme and known to regulate spindle disassembly at the end of mitosis and then coordinate cellular morphologies from M to the next G 1 phase. 32 Indeed, our previous results showed that knockdown of p97 also induced cytokinesis defects in breast cancer cells, which were in concordance with knockdown effects of TOPK. 31 These findings strongly suggested that TOPK is a mitotic kinase required to terminate cancer cell mitosis through phosphorylation of essential substrates involved in the cytokinesis, like p97, histone H3, protein regulator of cytokinesis 1 (PRC1), and G-protein signaling modulator 2 (GPSM2).
TOPK inhibitor
18,33
By high-throughput screening of a small molecular compound library and extensive SAR studies, OTS514 (Fig. 1B) and its dimethylated derivative OTS964 (Fig. 1C) were developed as potent TOPK inhibitors. These two compounds have high potential to inhibit TOPK enzyme activity with very low IC 50 values of 2.6 nM and 28 nM for OTS514 and OTS964, respectively. 34 The selectivities of OTS514 and OTS964 were confirmed by examination of a panel of 60 diverse human protein kinases, which revealed the highest inhibition against TOPK itself whereas the mean and the standard deviation (SD) of the inhibitory effects against other kinases were 11.5% and 18.5% for OTS514 or 18.5% and 24.6% for OTS964. 34 Treatment with OTS514 effectively suppressed the growth of multiple types of TOPK-positive human cancer cell lines with very low IC 50 values ranging from 1.5 nM to 48.7 nM (Table 2) . In solid cancer cell lines, OTS514 treatment caused unique cell morphological changes, intercellular bridges between dividing daughter cells, which represented cytokinesis defects caused by strong inhibition of TOPK activity. 26, 34 Our previous in vivo study showed that intravenous In NCI-H460 xenograft, 10 mg kg −1 PO administration once a day for 14 days → 81% TGI on day 15, but caused body weight loss and 3 of 6 mice died on day 11
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IV, intravenous; PDX, patient-derived xenograft; PO, per os; TGI, tumor growth inhibitory; WBC, white blood cell.
MedChemComm Review injection of OTS514 not only generated significant TGI effects in lung cancer xenograft models (Table 2 ), but also caused unusual hematopoietic toxicities (leukocytopenia associated with thrombocytosis) probably due to skewed lineage differentiation of hematopoietic stem cells. 34 To improve both the safety and efficacy of TOPK inhibition, we developed a liposomal formulation OTS964, which is a dimethylated derivative of OTS514 with enhanced bioavailability. Moreover, the liposomal formulation was expected to increase drug concentration in tumors by the "enhanced permeability and retention (EPR)" effect that can enhance preferential extravasation of drugs from tumor vessels and accumulation in the tumor area. 35 Expectedly, our LU-99 lung cancer xenograft studies demonstrated complete regression in five of six tumors after only five shots of liposomal OTS964 treatment twice per week, which caused tumor shrinkage even after discontinuation of treatment and resulted in complete tumor regression without observing any hematopoietic toxicity as described above. 34 Similarly, oral administration of free OTS964 compound led to complete regression of tumors in all 6 treated mice. 34 Although this treatment caused some hematopoietic toxicity, all mice spontaneously recovered after termination of the treatment. Other preclinical studies also showed anticancer effects of OTS514 in mouse xenograft models of AML and ovarian cancer. 29, 30 The in vivo effects of OTS514 and OTS964 in mouse xenograft models are summarized in Table 2 .
Another important downstream molecule of TOPK is forkhead box protein M1 (FOXM1), an important transcriptional factor and a master regulator of mitosis in cancer stem cells. 36 For example, either siRNA-mediated knockdown of TOPK or treatment with OTS514 in kidney cancer cells resulted in down-regulation of FOXM1 at the transcriptional level, which in turn reduced the transcriptional level of MELK. 26 This kind of FOXM1-mediated effect on MELK expression might be the reason why expression levels of MELK and TOPK genes are strongly correlated with each other in various types of human cancer. 25 It also indicated that targeting TOPK would be an effective approach to inhibit both FOXM1 and MELK activities in CSCs. Actually, critical roles of TOPK in CSCs and TOPK-targeting strategies were proposed in glioblastoma stem cells. For example, integrated genomic and proteomic analyses identified TOPK as one of nine representative molecules in glioblastoma stem cells. 37 In another study, either knockdown of TOPK or treatment with a TOPK inhibitor (HI-TOPK-32) decreased the viability and sphere formation ability in human brain tumor-derived glioblastoma stem cells. 38 Therefore, these findings strongly support that TOPK is a potential therapeutic target in CSCs and the patients who have CSC-enriched tumors would benefit from treatment with TOPK inhibitors.
TTK inhibitor
TTK (tyrosine threonine kinase), also known as Mps1 (monopolar spindle 1), is a dual specificity protein kinase that phosphorylates tyrosine and serine/threonine residues. TTK is also regarded as a mitotic kinase required for proper chromosome alignment, thereby inhibition of its kinase activity forced cancer cells to exit mitosis prematurely with missegregated chromosomes, eventually leading to cell death. 39 The TTK gene is highly expressed in various types of cancer, including esophageal cancer, while its transcript is hardly detectable in normal organs except the testis. 40 Due to this cancer-testis expression pattern of TTK, TTK was applied for the development of cancer-peptide immunotherapy. Treatment with a combination of multiple peptide vaccines, including HLA-A24-restricted epitope peptides derived from TTK, lymphocyte antigen 6 complex locus K (LY6K), and insulin-like growth factor-II mRNA binding protein 3 (IMP-3), could be applied to advanced esophageal cancer patients and be confirmed to effectively induce peptide specific T-cell responses and significantly improve the overall survival of patients. 41, 42 The TTK gene was ranked in the top CSR signature genes, 21 and its biological functions in CSCs have been suggested by many studies. For example, the TTK gene was overexpressed in the CSC-like cell population isolated from human esophageal carcinoma cell lines as well as in the human multiple myeloma stem cells sorted by aldehyde dehydrogenase 1 (ALDH1). 43, 44 In addition, human kinase siRNA library (targeting 691 kinases) screening in triple-negative breast cancer cells (TNBCs) revealed that knockdown of TTK reduced the number of CD44-positive TNBC CSCs. 45 However, the biological functions of TTK are not yet fully understood in CSCs. Identification of TTK's protein substrates and their signaling pathways will provide better understanding of the critical roles of TTK in CSCs. High throughput screening of kinase-focused small molecular compound libraries and subsequent SAR studies identified potent TTK inhibitors including compound 27f (called "TTK-27f" in this article; Fig. 1D ), as previously reported. 46 TTK-27f has high potential to inhibit TTK enzyme activity with a very low IC 50 value of 2.8 nM. 46 Compound TTK-27f displayed excellent selectivity against TTK over 192 protein kinases. Although only two kinases (CAMK1 and CLK2) were inhibited more than 50% by this compound at 1 μM, no significant inhibition (>50%) against 192 kinases was observed at 0.2 μM. 46 Treatment with TTK-27f effectively suppressed the growth of multiple types of TTK-positive human cancer cell lines with very low IC 50 values ranging from 3.3 nM to 17 nM (Table 2 ). In the NCI-H460 xenograft, oral administration of 10 mg kg −1 of TTK-27f daily for 14 days could induce 81%
of TGI effects on day 15, but caused significant body weight loss of mice and 3 of 6 mice died on day 11. 46 This toxicity might be due to off-target interactions of TTK-27f with unknown proteins, either kinase or non-kinase protein, therefore a detailed mechanism of action for this compound should be fully elucidated. In parallel, another group developed CFI-401870 that is a potent TTK inhibitor with enzymatic IC 50 at 3.1 nM and cellular IC 50 at 17 nM in the HCT116 colon cancer cell line. 47 In the HCT116 xenograft model, oral administration of 35 mg kg −1 of CFI-401870 daily for 21 days could induce 77% of TGI effects on day 22, but 1 of 8 mice died on day 14 with bodyweight loss. 47 The cause of TTK inhibitor-driven toxicity was not fully elucidated in these two preclinical studies, but a lower dose treatment of TTK inhibitor in combination with other cancer therapies or applications in drug delivery systems may provide an opportunity to reduce the toxicity with improved anti-tumor efficacy of TTK inhibitors. 46 Challenges and future perspectives
CSCs represent a distinct cancer cell population that has clonal long-term repopulation, self-renewal, and tumor initiating capacity, which generally define the characteristics of CSCs. However, it has not been possible to completely distinguish CSCs from non-CSCs because some cancer cells have similar features to CSCs in tumors of very aggressive type or advanced stage. Moreover, recent evidence suggested that certain cancer cells might exhibit plasticity by reversibly transitioning between a stem and non-stem-cell state. 1 The most commonly used CSC markers are CD34, CD38, CD44, CD90, CD133, and ALDH. However, their expressions are dependent on cancer types and some of them are also expressed in normal stem cells, such as ESCs, iPSCs, hematopoietic stem cells, neural stem cells, and mesenchymal stem cells. 48 Therefore, CSCs should be clearly distinguished from both non-CSC cancer cells and normal stem cells, by well-defined CSC surface markers as well as transcriptional gene signatures specific to CSCs. In addition, the properties of CSCs should be confirmed by experimental approaches, such as in vitro tumor sphere formation and clonogenic assays, and in vivo transplantation and lineage-tracing experiments coupled with CSC-specific markers. 1 Using well-defined CSC markers and experimental models, we should be able to intensively validate promising small molecular compounds targeting CSCs. Considering the emergence of personalized medicine, development of novel cancer therapies will be able, along with identification of biomarkers, to predict human tumor response to each therapy, which thus will enable us to choose the most appropriate treatment for individual cancer patients. For example, our recent efforts in the analysis of the MELK pathway revealed that treatment with OTS167 induced reduction of Snail, a marker for CSC and EMT (epithelialmesenchymal transition), as well as two representative oncogenic proteins, DEPDC1 (DEP domain containing 1) and FOXM1, accompanied by drastic induction of tumorsuppressive proteins, p21 and p53, in xenograft tumor tissues. 49 These downstream proteins of MELK can be utilized as possible biomarkers in the assessment of the clinical efficacy of OTS167 treatment.
In conclusion, we have identified three promising molecular targets, MELK, TOPK, and TTK, which are overexpressed almost exclusively in cancer cells, particularly those with CSC properties. Their functions as oncogenic protein kinases can be effectively inhibited by the small molecular compounds, OTS167, OTS514/OTS964, and TTK-27f, which are expected to have potent drug-like properties (Table 3) and preferentially suppress CSCs, and thus may offer novel strategies for CSCtargeted therapy. MW, molecular weight; HBD, the number of hydrogen-bond donors (sum of OHs and NHs); HBA, the number of hydrogen-bond acceptors (sum of Ns and Os); log P, log of the octanol/water partition coefficient; N, the number of violations of Lipinski's rule of five (MW ≤ 500, HBD ≤ 5, HBA ≤ 10, and log P ≤ 5), where no more than one violation (N ≤ 1) is deemed acceptable. 50 
